Signaling centers or organizers play a key role in axial patterning processes in animal embryogenesis. The function of most vertebrate organizers involves the activity of secreted antagonists of bone morphogenetic proteins (BMPs) such as Chordin or Noggin. Although BMP homologs have been isolated from many phyla, the evolutionary origin of the antagonistic BMP/Chordin system in organizer signaling is presently unknown. Here we describe a Chordin-like molecule (HyChdl) from Hydra that inhibits BMP activity in zebrafish embryos and acts in Hydra axis formation when new head organizers are formed during budding and regeneration. hychdl transcripts are also up-regulated in the head regeneration-deficient mutant strain reg-16. Accordingly, HyChdl has a function in organizer formation, but not in head differentiation. Our data indicate that the BMP/Chordin antagonism is a basic property of metazoan signaling centers that was invented in early metazoan evolution to set up axial polarity.
L
ocalized signaling centers or organizers are widely used for the patterning of embryos or tissues during animal development. In general, organizers are able to generate polarity in surrounding tissue and to induce specific cell fates and cell behavior (1) . One of the best-characterized examples is the amphibian embryonic organizer known as the Spemann-Mangold organizer (2) . This organizer, localized at the dorsal blastopore lip, is able to induce the formation of a second body axis upon transplantation to the ventral side of a host embryo. The inductive capacity of the organizer is demonstrated by its ability to recruit host tissue into the second axis (3, 4) . Functionally equivalent embryonic organizers are found in most vertebrates, including the node in amniotes and the embryonic shield in teleosts (5) . The evolutionary origin of the embryonic organizer is unclear at present, but it was proposed that it is a vertebrate-specific invention (6) .
There is evidence that the embryonic organizer is much older than commonly assumed. In the freshwater polyp Hydra, a member of the Ͼ500-million-year-old phylum Cnidaria, Browne (7) demonstrated the existence of an organizer-like activity already in 1909: Transplantation of a hypostome into the body column of a labeled host led to the formation of a second body axis including hostderived tissue (7, 8) . The hypostome is the oral end of a cnidarian body axis and corresponds to the blastopore of a gastrula. However, whether the head organizer of Hydra represents the evolutionary origin of the vertebrate embryonic organizer or whether they arose independently is currently not known.
On the molecular level, Wnt/␤-catenin signaling and the inhibition of bone morphogenetic protein (BMP) signaling by secreted antagonist such as Chordin and Noggin play a pivotal role in the establishment of the Spemann-Mangold organizer in Xenopus and the shield in zebrafish (4, 9, 10) as well as in the establishment of axial polarity in the mouse and sea urchin embryo (11) (12) (13) (14) (15) . Several of these conserved genes have been described in cnidarians, i.e., members of the Wnt/␤-catenin signaling pathway (16) , and their expression pattern is consistent with a function in the Hydra head organizer. The role of BMP signaling is less clear, but analysis of a Hydra BMP homolog, hyBMP5-8b, indicated a role for BMP signaling in the specification of the aboral region of the polyp (17) .
Here we report the isolation of a Chordin-like putative BMP antagonist (HyChdl). HyChdl is able to antagonize BMP signaling upon injection into zebrafish embryos. Strikingly, expression of hychdl is strongly up-regulated during budding and head regeneration, two processes in which new head organizers are formed. Our results reveal that the Hydra head organizer shares key molecular properties with the vertebrate embryonic organizer, suggesting that they have a common evolutionary origin.
Results
Hydra Has a Chordin-Like Cysteine-Rich Domain (CR Domain) Gene.
We isolated a 3.76-kb cDNA that contains a predicted ORF of 3,414 bp, encoding 1,138 aa. A functional signal peptide (amino acids 1-18; SignalP3.0, yeast signal peptide secretion assay) is followed by two CR domains (amino acids 33-85 and 107-174) in the N-terminal part of the deduced protein [see Fig. 1A and supporting information (SI) Fig. 5 and SI Methods]. These motifs are separated by a linker region (655 aa) from three Chordin-like CR domains (also called von Willebrand factor type C domain) in the C-terminal region (amino acids 822-877, 881-938, and 950-1009), and two additional, shorter CR domains (amino acids 1015-1047 and 1081-1116). Chordin orthologs from other species typically contain four BMP-binding CR domains, one at the N terminus and three in the C-terminal part (Fig. 1 A) . Although the overall length of the molecule (1,138 aa) and the presence of three CR domains in the C-terminal region reveal striking similarities to Chordin, the N-terminal CR domains differ from Chordin-type CR domains. BLAST and SMART analyses show that the first domain is most closely related to insulin-like growth factor binding protein (IGFBP) domains, but it also displays similarity to the BMP binding domain of Twisted gastrulation, another conserved regulator of BMP activity (SI Fig. 6A ). The second domain is highly similar to follistatin (SI Fig. 6B ), which consists of three so-called follistatin domains known to bind and inhibit BMPs as well as other TGF-␤ superfamily ligands. The three C-terminal CR domains of HyChdl all contain the two highly characteristic sequence motifs of the Chordin domain type: CX 2 CXC and CCX 2 C (SI Fig. 6C ). Two additional, shorter CR domains that cannot be classified unambiguously follow the CR domains. However, the spacing of their cysteine residues corresponds very well to the first half of CR domains (SI Fig. 6C ).
Taken together, the identified molecule contains one follistatintype BMP binding domain in its N terminus and three Chordin-type BMP binding domains in its C terminus. Based on this domain architecture and the ability to inhibit BMP activity (see below), we termed the described molecule Hydra Chordin-like (HyChdl).
HyChdl Antagonizes BMP Activity. Sequence analysis of hychdl suggested that it might act as a regulator of BMP activity. To support this idea experimentally we used the well established role of BMP signaling during early zebrafish development ( Fig. 1 B and C) . In this system, BMP activity is essential for the development of ventral structures, and hence overexpression of BMP antagonists leads to dose-dependent dorsalization of the embryos (18) . The degree of dorsalization can be categorized by phenotypes ranging from loss of ventral tail fin tissue (c1, mild dorsalization) to complete curling up of the tail [c4, strong dorsalization (19) ]. Injection of in vitro synthesized hychdl-mRNA into one-to two-cell zebrafish embryos led to dose-dependent dorsalization, similar to the described effects of zebrafish chordin mRNA ( Fig. 1 B and C) (20) , although the BMP antagonizing activity of hychdl mRNA was Ϸ20-fold weaker than that of zebrafish chordin mRNA (data not shown).
The N-terminal Chordin domain has been proposed to contribute significantly to the BMP inhibitory activity of vertebrate Chordin (21), however, in HyChdl this domain is replaced by two divergent CR domains. To analyze how these two domains affect the anti-BMP activity of HyChdl we used three constructs: one lacking only the IGFBP domain (hychdl⌬IGFBP), one lacking the follistatin domain (hychdl⌬Fol), and one lacking both the IGFBP and follistatin domains (hychdl⌬N). Whereas 150 pg of full-length hychdl mRNA per embryo led to dorsalization of 71.8% of the injected embryos (Table 1) , only 54.6% of the embryos were dorsalized by the same amount of mRNA encoding HyChdl⌬IGFBP and 52.2% by injection of hychdl⌬Fol mRNA ( Table 1) . Injection of 150 pg of hychdl⌬N mRNA per embryo dorsalized 35.7% of the embryos (Table 1) . These results show that HyChdl can act as a BMP antagonist in this heterologous assay and indicate that both the IGFBP and follistatin domains contribute to this activity.
HyChdl Is Up-Regulated During Budding. To study whether hychdl might be involved in patterning processes in adult polyps, we investigated its expression pattern by whole-mount in situ hy- bridization. First we analyzed hychdl expression during budding, Hydra's predominant way of reproduction. During this process, a new head organizer becomes established at the tip of the outgrowing bud (17, 22, 23) . We observed a strong up-regulation of hychdl transcription commencing as soon as tissue evagination becomes visible ( Fig. 2A ). This up-regulation is maintained in the whole bud endoderm during the outgrowth of the bud ( Fig.  2 B-D) and in young polyps (SI Fig. 7A ). The high expression levels cease in steady-state adult polyps, with the panendodermal expression remaining higher in the head region than in the body column (SI Fig. 7 B and C).
Up-Regulation of hychdl During Regeneration and de Novo Pattern
Formation. The regenerative capacity of Hydra allows the experimental induction of organizing centers. Upon bisection, wound healing occurs within 1 h and a new head organizer is established at the apical tip of the regenerate after 2-8 h (8, 24, 25) . After 30-36 h tentacle buds and a new hypostome start to emerge, and after 48 h a complete head has been regenerated. Genes that are involved in the formation of the head organizer are expected to be up-regulated in the regenerating tip and indeed, we observed a strong up-regulation of hychdl transcription within 1 h after bisection at 80% body length (BL). This up-regulation is not a response to injury signals because RT-PCR experiments reveal that cutting alone never stimulates hychdl expression (SI Fig. 8 ).
The enhanced expression was maintained for Ϸ48 h and was included in the endoderm of the newly formed tentacles (Fig.  3A) . Shortly after completion of head regeneration (60 h), the expression level in the hypostome returned to basal levels, reestablishing the expression pattern of the adult polyp. Tissue along the body column has a graded capacity to regenerate a head after decapitation with decreasing levels from head to foot (24) (25) (26) (27) (28) (29) . Therefore, the closer to the head polyps are bisected, the faster the regenerating tip acquires head organizer activity and the faster it regenerates a new head. Accordingly, up-regulation of genes that have an instructive function in head organizer formation should occur earlier after bisection close to the head than after bisection at more aboral levels, i.e., hywnt3a, which shows a temporal difference of Ϸ4 h (SI Fig. 9 ). When we compared the kinetics of up-regulation of hychdl after bisection at 80% and 50% BL, respectively, we could not detect a significant difference (Fig. 3D and SI Fig. 10 ). In both cases, up-regulation was evident in Ͼ90% of regenerates within 1 h and was maintained for 48 h. These results show that the upregulation of hychdl does not strictly correlate with the acquisition of head activation potential of the regenerating tip.
To prove this notion, we analyzed the expression dynamics of hychdl in the regeneration-deficient Hydra strain reg-16. Animals of this mutant strain can form buds but fail to regenerate a head after decapitation or, in rare cases, regenerate a head with strong delay (30, 31) . Despite the failure to regenerate a head, all reg-16 animals displayed a strong up-regulation of hychdl 6 h after decapitation (Fig. 3B) . The elevated expression was maintained for 72-96 h if animals did not regenerate a head and ceased thereafter. In animals with delayed regeneration hychdl transcription returned to basal levels after completion of head formation regardless of the time point at which regeneration occurred. These data indicate that hychdl has no function in terminal head differentiation. Instead, the strong up-regulation in regenerates suggests that it acts in setting up the organizer, which is required for head differentiation. Further data on foot regeneration support this finding and show that hychdl was also transiently up-regulated in the endoderm of foot regenerates within 1 h after bisection and remained for 24-48 h (Fig. 3D and  SI Fig. 11) .
Finally, we analyzed hychdl expression in reaggregation experiments. Hydra reaggregates provide a unique de novo patterning assay (32) . In this assay, body column tissue of several hundred polyps is dissociated into a single-cell suspension, and this suspension is then carefully centrifuged into small aggregates. In contrast to budding and regeneration, establishment of head organizers in this experiment starts from a situation in which all positional information has been lost. We found that after endoderm-ectoderm separation hychdl was strongly and uniformly expressed in the endodermal layer (Fig. 3C) . After the emergence of new heads, expression of hychdl became restricted to the outgrowing body of the polyps. Thus, hychdl expression precedes the expression of hywnt3a and hybra1 that arise in discrete spots indicating the sites where new heads arise (16, 32) .
Taken together, these results show that an up-regulation of hychdl during head regeneration occurs irrespective of whether a head is actually formed or not. It is therefore unlikely that hychdl has an instructive function in head differentiation. Instead, hychdl is a factor that is required in organizer formation itself. Embryos injected with hychdl mRNA exhibit strong dorsalization (c1-c4), whereas injection with N-terminally truncated hychdl constructs lacking the IGFBP (hychdl⌬IGFBP), the follistatin (hychdl⌬Fol), or both domains (hychdl⌬N) reveal reduced dorsalized or wild-type phenotypes.
Fig. 2. hychdl expression during bud formation. (A)
hychdl expression starts at bud stage 1-2 in the endoderm when the tissue layers begin to evaginate. hychdl expression is restricted to the endoderm at all following bud stages (B and C), and elevated expression levels along the entire bud continue until the bud has dropped off after stage 10 -11 (D) (see SI Fig. 7A for comparison) .
Discussion
In this study we isolated a BMP antagonist belonging to the Chordin protein family, and we show that it acts during Hydra development in the establishment of organizing centers.
An Ancient Chordin Ortholog. The overall domain architecture of this protein is similar to that of Chordin: three Chordin-like domains in the C-terminal and a cysteine-rich region in the N-terminal part, separated by Ϸ650 aa. This structure determines the function of Chordin proteins. The cysteine pattern and additional conserved residues clearly classify the three C-terminal cysteine-rich motifs as Chordin-type CR domains (SI Fig. 5C ) that constitute BMP binding modules (21) . Because the N-terminal cysteine-rich region of this protein contains an IGFBP and a follistatin domain (SI Fig. 5B ) we named it Chordin-like (HyChdl). The functional relevance of the N-terminal Chordin motifs is yet not fully understood (21, 33) . It is therefore of particular interest to see that both the IGFBP and the follistatin domain of the divergent N-terminal region of HyChdl contribute to its anti-BMP activity in the zebrafish microinjection experiments (Fig. 1D) . In vertebrates, follistatin binds to BMPs and activin, a different TGF-␤ superfamily ligand (34) (35) (36) . A direct binding of IGFBP domains to BMPs has not been reported, but IGFBP domains share similarities with the N-terminal CR domain of Twisted gastrulation (Tsg), which is required for binding of Tsg to BMPs (38, 39) . Thus, the IGFBP domain of HyChdl could also contribute to its binding to BMPs. An effect of the IGFBP domain via an IGF-RTK-MAPK-Smad pathway, as described in vertebrates (40) (41) (42) , is unlikely to occur in Hydra, because HySmad1 lacks the consensus phosphorylation sites required for this mode of regulation.
The finding that the Chordin ortholog from the sea anemone Nematostella exhibits the characteristic domain structure with four CR domains (43, 44) raises the question of whether the divergent N terminus of HyChdl represents a derived or ancestral feature. In the absence of data from a eumetazoan outgroup, e.g., sponges, this question remains unresolved. However, the Nematostella and the Hydra genomes do not contain any additional chordin-like genes, and our microinjection experiments suggest that HyChdl is indeed a Chordin ortholog. Inhibition of BMP Signaling During Organizer Formation and Regeneration. Our data reveal that hychdl has its primary function in organizer formation during budding and regeneration. During budding, a spot-like expression of hywnt3a marks the site of bud outgrowth (16) . At a very similar time point, hychdl becomes up-regulated and a recently described BMP ortholog from Hydra, hybmp5-8b (17) , becomes down-regulated. This leads to inversely related expression domains of hychdl and hybmp5-8b. Grafting experiments show that these changes in expression precede the acquisition of head activation capacity in the tip of the outgrowing tissue so that hyBMP5-8b expression is inversely correlated with organizer activity (17) . However, the strong expression of hychdl throughout the developing bud suggests a function in addition to organizer formation: Because bud tissue displays an elevated level of neurogenesis (45) hychdl might play a role in this process. This would be in agreement with the neurogenic function described for chordin in vertebrates and invertebrates (46) .
During head regeneration, regenerating stumps acquire head organizer properties within 2-8 h, depending on the axial level of bisection (8, (24) (25) (26) 29) . After decapitation, hychdl is rapidly up-regulated within 1 h (Fig. 2 A) , similar to hy␤-catenin and hytcf in the Wnt pathway (16) . However, the expression kinetics of hychdl during regeneration differs significantly from that of hywnt3a. The kinetics of hywnt3a up-regulation follows closely that of head regeneration (SI Fig. 9 ). The kinetics of hychdl up-regulation is also faster than that of hywnt3a and position-independent (Fig. 3D) . This regeneration-specific up-regulation of hychdl occurs even in the absence of successful head regeneration in the mutant strain reg-16 (Fig. 3B) or during foot regeneration (SI Fig. 11 ). The transient up-regulation during foot regeneration might reflect a local release of inhibition observed after cutting, which results in a transient increase in head activation potential (24, 26, 27, 47, 48) . This idea is supported by a similar transient up-regulation of several headspecific genes like hybra1, hytcf, and hy␤cat during foot regeneration (49) (T.W.H. and B.H., unpublished observations). However, this activation is not a response to injury signals per se, as it has been shown for the up-regulation of hydkk1/2/4 after cutting (50) . We therefore conclude that hychdl is required in the early establishment of organizer tissue, irrespective of the positional value the tissue will later adopt. This is further supported by the absence of significantly elevated expression levels of hychdl in the hypostome of adult polyps, suggesting that once the organizer is established hychdl is no longer required for its maintenance.
During head regeneration, hychdl and hybmp5-8b become simultaneously expressed at the site of regeneration (17) . This is consistent with previous experimental and theoretical analyses showing a rapid up-regulation of tentacle markers (such as hybmp5-8b) before the expression of head markers in regenerates (32, 51) . During budding, tentacle markers only appear when the organizer has formed. Because HyChdl can suppress BMP signaling by antagonizing BMP proteins, the transcriptional activation of hymbp5-8 during regeneration should not result in signaling activity.
An inhibition of BMP signaling has been recently found in other regenerative processes, e.g., in lens regeneration of newts. Grogg et al. (52) tested members of the BMP pathway for their ability to induce lens regeneration and found that inhibition of the BMP pathway by Chordin resulted in the induction of a lens from ventral explants, which normally cannot regenerate (52) . Thus, their data reveal that lens regeneration can be achieved in noncompetent adult tissues after BMP inhibition. It will be therefore interesting to learn whether BMP inhibition is a more general mechanism in the recruitment of competent cells in other regenerative processes.
A Chordin-mediated inhibition of BMP signaling is also necessary during Xenopus development to establish the two dorsal signaling centers of the embryo. In cells located in the dorsal animal cap and marginal zone of the blastula (BCNE center), the action of ␤-catenin induces expression of chordin. In BMP gain of function experiments, both the BCNE and Spemann-Mangold organizers are completely suppressed (2, 4) , and in antisense morpholino experiments it was shown that Chordin is absolutely required for the inductive activity of the Spemann-Mangold organizer (37) .
In summary, we propose that BMP inhibition by HyChdl has a function during organizer formation to make cells competent, whereas canonical ␤-catenin Wnt signaling provides an instructive signal in this process.
Evolutionary Considerations. Our results indicate that the BMPChordin antagonism is very old. The finding that HyChdl has its main function in setting up the Hydra organizer also suggests that it is primarily involved in the patterning of Hydra's oral-aboral body axis. This is also supported by recent data showing that Chordin also acts in Nematostella gastrulation. The Nematostella chordin ortholog nvchd is strongly expressed at the site of the blastopore, which transforms into the hypostome after gastrulation and corresponds to the head organizer in Hydra (43, 44) . Similar to hychdl in Hydra, nvchd also displays a strong differential expression along the oral-aboral axis at later stages despite the fact that it additionally exhibits asymmetric expression along the directive axis (43, 44) .
The other major signaling system that acts in cnidarian gastrulation and organizer formation is Wnt signaling (16, 54) . We propose that both signaling systems, i.e., BMP/Chordin and Wnt/Dkk, represent main components of an ancient blastoporal signaling center that constitutes an archetypical organizer in metazoan evolution. This organizer is similar to the SpemannMangold organizer in vertebrates, where Wnt signaling also acts at the blastopore concomitantly with the BMP antagonist Chordin (Fig. 4) .
Our results also have implications on the molecular mechanisms of axis evolution. There is general agreement that the BMPChordin antagonism patterns the dorsal-ventral axis in Bilaterians, whereas Wnt signaling and a cluster of hox genes patterns the anterior-posterior axis (53) (54) (55) . Cnidaria are lacking an elaborated Hox system (55) , and it is therefore striking that both axial patterning systems that are required for establishing the anteriorposterior and dorsoventral axes in bilaterians were already present in cnidarians, i.e., Wnt/Dkk and Chordin/BMP signaling. Here they control the formation of the main body axis, the oral-aboral axis. A clear assignment of these molecular systems to two perpendicular axes, however, occurs only in bilaterians. We therefore presume that, at the molecular level, the two axes of Bilateria did not evolve by ''adding'' an orthogonal axis to an already existing one, but rather by ''splitting'' one axis into two (Fig. 4) . 
Materials and Methods
Hydra Culture and Tissue Manipulation. Hydra vulgaris strain Basel was used as wild-type strain and cultured as described previously (56) . Additional regeneration experiments were carried out with the head regeneration-deficient strain Hydra magnipapillata reg-16 (30) . For regeneration experiments, budless wild-type animals were bisected at 80% (close to the tentacles) and 50% (middle of the body column) BL, respectively, and transferred into fresh culture medium. Reg-16 polyps remain budless for a longer time than wild-type animals. To use animals at a defined developmental stage, reg-16 animals were bisected at bud stage 2 for regeneration experiments. For reaggregation experiments, heads and feet were removed from budless polyps and the body column tissue was mechanically dissociated in hypotonic dissociation medium. Aggregates were obtained by centrifugation of the cell suspension (32, 57) .
Cloning of Hydra chordin-like. An initial fragment containing the C-terminal part of hychdl was identified as a false positive in a yeast two-hybrid screen (16) . Two rounds of 5Ј RACE were performed to obtain the 5Ј end. cDNA for 5Ј RACE was synthesized with the SMART system (Clontech, Mountain View, CA) and gene-specific primers (CACACATGTAGTACATGGATCAGCTAGCC for 5Ј RACE1; CAGGAAAGAATAATGTACCATTTACCCAC for 5Ј RACE2). Antisense primers for 5Ј RACE1 PCR were CT-GAGAACTTGATATACAGCTG and CAAATTAGGTGCA-CATCTTGGC (nested). Antisense primers for 5Ј RACE2 were GGCCGATGATAAATCTTCTTTGG and CTTTGGTTTCA-CATTCATTCATAGC. Obtained fragments were cloned into vector pGEM-T (Promega, Madison, WI) and sequenced on a ALF ExpressII automatic sequencer (Amersham Pharmacia, Little Chalfont, U.K.).
In Situ Hybridizations. Whole-mount in situ hybridizations were done with a DIG-labeled hychdl-probe corresponding to the C-terminal part of the ORF (amino acids 779-1138) plus 3Ј UTR, as described previously (16, 54) . NBT/BCiP (Roche, Basel, Switzerland) was used as substrate.
Constructs for mRNA Injection, Preparation of mRNA, and Zebrafish Microinjection Experiments. The complete ORF of hychdl was amplified from cDNA with Pfu DNA polymerase (Promega) and cloned into vector pCS2ϩ. All constructs were linearized with NotI, and capped RNA was synthesized with the sp6 MessageMachine kit (Ambion, Austin, TX). Wild-type zebrafish embryos were injected at the one-to two-cell stage, and zebrafish culture was done under standard conditions (17) .
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